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The energetic consequences of loop 9 gating motions
in acetylcholine receptor-channels

Archana Jha, Shaweta Gupta, Shoshanna N. Zucker and Anthony Auerbach

Department of Physiology and Biophysics, State University of New York at Buffalo, Buffalo, NY 14214, USA

Non technical summary Muscle cells have receptors that are activated by the neurotransmitter
acetylcholine. The probability that these channels conduct ions across cell membranes increases
dramatically when transmitter molecules are present at two binding sites, which are far from the
region that regulates ionic conductance. In order to understand the molecular basis of receptor
‘gating’ we seek to learn how neurotransmitters and other small molecules activate this protein.
We used single-channel electrophysiology of receptors expressed in tissue-cultured cells to study
the effects of mutations at the C-terminus of loop 9, a region near intra-protein interfaces that
are known to be important with regard to gating and assembly. We found that the mutation had
modest but measurable effects on channel gating (mainly those in the epsilon subunit). We also
found that mutations of loop 9 in the alpha subunit increase the kinetic heterogeneity of gating,
which suggests that they alter the stability of the extracellular transmembrane domain interface.

Abstract Acetylcholine receptor-channels (AChRs) mediate fast synaptic transmission between
nerve and muscle. In order to better-understand the mechanism by which this protein assembles
and isomerizes between closed- and open-channel conformations we measured changes in
the diliganded gating equilibrium constant (E,) consequent to mutations of residues at the
C-terminus of loop 9 (L9) in the o and & subunits of mouse neuromuscular AChRs. These amino
acids are close to two interesting interfaces, between the extracellular and transmembrane domain
within a subunit (E-T interface) and between primary and complementary subunits (P—C inter-
face). Most o subunit mutations modestly decreased E, (mainly by slowing the channel-opening
rate constant) and sometimes produced AChRs that had heterogeneous gating kinetic properties.
Mutations in the & subunit had a larger effect and could either increase or decrease E,, but did
not induce kinetic heterogeneity. There are broad-but-weak energetic interactions between o9
residues and others at the «E-T interface, as well as between the ¢L9 residue and others at the
P—C interface (in particular, the M2—-M3 linker). These interactions serve, in part, to maintain
the structural integrity of the AChR assembly at the E-T interface. Overall, the energy changes of
L9 residues are significant but smaller than in other regions of the protein.
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Introduction

Ligand-gated ion channels are allosteric proteins that
spontaneously isomerize between closed- (R) and
open-channel (R*) conformations. The five subunits of
the nicotinic acetylcholine receptor-channel (AChR) are
arranged symmetrically around a central ion permeation
pathway that changes shape (R<>R*) to regulate the flow
of ions across the cell membrane (Unwin, 2005; Hilf &
Dutzler, 2008; Bocquet et al. 2009; Hibbs & Gouaux,
2011). The probability that the AChR adopts the active,
ion-permeable conformation increases in the presence of
agonists because these bind more tightly to R* compared
to R (Monod et al. 1965). In order to understand the
molecular mechanism of gating it is essential to know the
magnitudes and timing of structural and energy changes
that take place in different regions and residues in the
protein. In neuromuscular AChRs, such energy changes
are widespread (Auerbach, 2010). Here, we address the
gating energy changes associated with residues at the
C-terminus of loop 9 (also known as loop F).

The adult neuromuscular AChR is composed of two
o subunits and one each of B, § and ¢. The two trans-
mitter binding sites are in the extracellular domain and
at the a—e or a—38 subunit interfaces, ~30 A above the
level of the membrane. The transmembrane domain of
each subunit is composed of four helices, with the M2
helix from each subunit coming together to form the
lining of the ion permeation pathway. Loop 9 (L9) is
in the extracellular domain and spans the entire region
between the transmitter binding site (N-terminus) and
the membrane (C-terminus) (Fig. 1).

The C-terminus of L9 is located near two interesting
interfaces. One is an inter-subunit interface between the
primary and complementary subunits (the P-C interface),
for example between « and e. Mutations of residues in the
« subunit along this interface result in large changes in the
gating equilibrium constant, suggesting that some residues
here move (change energy) in the channel-opening process
(Chakrapani et al. 2004; Purohit & Auerbach, 2007a,b).
It has been suggested that molecular motions of amino
acids along the P-C interface constitute the main pathway
for the propagation of the AChR gating conformational
change from the transmitter binding site to the gate
(Mukhtasimova & Sine, 2007; Auerbach, 2010; Cadugan
& Auerbach, 2010). In the open-channel form of the C.
elegans homologue GluCl, C-terminal L9 residues in the
complementary subunit are in contact with those in the
M2-M3 linker of the adjacent, primary subunit (Hibbs &
Gouaux, 2011).

The second interesting interface near the C-terminus
of L9 is an intra-subunit one, between the extracellular
and transmembrane domains (the E-T interface). Here,
a network of charged amino acids plays important roles
in both receptor expression and in R<>R* gating (Kash
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et al. 2004; Lee & Sine, 2005; Xiu et al. 2005; Mercado &
Czajkowski, 2006; Purohit & Auerbach, 2007a; Bruhova &
Auerbach, 2010). The close proximity of the C-terminus of
L9 to these key inter- and intra-subunit interfaces makes
this region a good candidate for probing the effects of
mutations on AChR function.

Many previous studies of AChRs and related receptors
suggest that structural rearrangements in L9 occur in both
binding and gating processes (Leite et al. 2003; Lyford
et al. 2003; Newell & Czajkowski, 2003; Bouzat et al.
2004; Hansen et al. 2005; Cheng et al. 2006; Thompson
et al. 2006; Szarecka et al. 2007; Khatri et al. 2009;
Law & Lightstone, 2009; Pless & Lynch, 2009). In order
to clarify the role of the C-terminus of L9 we have
examined the consequences of mutations of residues here
in the @ and ¢ subunits of adult mouse neuromuscular
AChRs with regard to the channel-gating process. We also
measured the degrees to which these mutations interact
energetically with others located at the nearby inter- and
intra-subunit interfaces, and the extents to which they
induce heterogeneity in the gating rates and equilibrium
constants.

Methods
Mutagenesis and expression

Mutations were made in the « or & subunits in loop 9
(L9 or €L9), and elsewhere (Fig.1). Mutants were
made in mouse AChR subunit ¢cDNAs by using the
QuikChange site-directed mutagenesis kit (Stratagene),
and were verified by nucleotide sequencing. Cells of
the human embryonic kidney cell line HEK 293 were
transiently transfected using the calcium phosphate pre-
cipitation method. Cells were treated with 3.5-5.5 ug DNA
per 35 mm culture dish in the ratio of 2:1:1:1 («: 8:8:¢) for
~16 h at 37°C. Most electrophysiological recordings were
made ~24 h later. For hybrid experiments, HEK cells were
treated with cDNAs in the ratio 1:1:1:1:1 (otpu: @i B:6:6).

Electrophysiology

More detailed accounts of mutation, expression, recording
and analysis methods can be found in Jha et al. (2007) and
Jadey et al. (2011). Briefly, recordings were performed
in the cell-attached patch configuration at 23°C with
agonist only in the patch pipette. Except where noted, the
agonist was dissolved in Dulbecco’s phosphate-buffered
saline containing (mM): 137 NaCl, 0.9 CaCl,, 2.7 KCl,
1.5 KH,PO,, 0.5 MgCl, and 8.1 Na,HPO, (pH7.3).
Pipettes made from borosilicate capillaries were coated
with Sylgard (Dow Corning Corp.). The average pipette
resistance was ~10 M. Single-channel currents were
recorded using a PC-505 amplifier (Warner Instrument

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Corp.) with low-pass filtering at 20 kHz. The currents were
digitized at a sampling frequency of 50 kHz using a SCB-68
acquisition board (National Instruments Corp.) and QUB
software (www.qub.buffalo.edu).

We recently developed new methods for compensating
for the effects of sub-saturation of the binding site
and channel block on the kinetic analyses (Jadey et al.
2011). Consequently, different experimental conditions
were use to examine the « and & L9 mutants. For
the «L9 mutants, the bath solution was identical to
the pipette solution (but without agonist). The pipette
potential was 470 mV (which corresponds to a membrane
potential of approximately ~—100 mV) and the agonist
concentration was either 20 mm choline or 500 M acetyl-
choline (ACh). These concentrations are ~5 times the
equilibrium dissociation constant of the R conformation
(Kq), so the transmitter binding sites were almost

A

Figure 1. Location of the C-terminus of loop 9 of
AChRs

A, side view of the Torpedo AChR (accession number
2bg9.pdb). The mutated loop 9 positions in the & and &
subunits are shown as dark grey spheres (green spheres
online); the residues tested for gating interactions with
the loop 9 residues are shown as white spheres. *marks
approximately the «, transmitter binding site and the
horizontal lines mark approximately the membrane. The
M4 transmembrane helices have been removed for
clarity. B, higher resolution view of the boxed area in A.
The residues are labelled according to their numbers
and side chains in mouse AChRs (loop 9 residues, dark
grey (green online) and bold).

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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continuously occupied by agonist molecules. Channel
block by the agonist was apparent in these experiments,
so the observed backward, channel-closing rate constant
(b,) underestimated the true value. To correct for block,
single-channel current amplitudes were estimated both
at a low agonist concentration (30 uM ACh or 200 uM
choline) where there was essentially no channel block
by the agonist (iy ~7 pA), and also at a high agonist
concentration (500 uM ACh or 20 mm choline) where fast
channel block reduced the current amplitude (ig). We
assumed that channel block slows closing and reduced
the amplitude to the same extent, so for each construct
the observed b, value was corrected as follows (Neher
& Steinbach, 1978): assume the block kinetic scheme
is C(losed)-O(pen)-B(locked), with forward and back-
ward rate constants f,, b, (C-O) and p, q (O-B). With

fast channel block, b,°*ed is the inverse lifetime of
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the aggregate {O-B}: b,°*™d = p,/(1 + p/q). In the pre-
sence of fast block the single-channel current amplitude is
ig = io/(1 + p/q). Therefore b, = b,°>™ed(jy/ig). This
correction assumes that the rate constant for channel
closing is negligible when the pore is occupied by the
blocker (Purohit & Grosman, 2006). For some constructs
a second estimate of b, was obtained from the inverse of
the apparent open time at low agonist concentration. The
two estimates were in good agreement (see Supplemental
material, Table 1S, available online only). No correction
was necessary for the forward, channel-opening rate
constant (f).

For the more recent €19 experiments, the bath NaCl
was replaced with KCl and the pipette potential was
—70 mV (which corresponds to a membrane potential
of exactly +70 mV). Also, the agonist concentration was
100 mM choline (which fully saturates the binding sites)
and no NaCl was included in the pipette solution. At a
membrane potential of +70 mV the current is outward
and there is essentially no channel block by the agonist.
In order to compensate for the effect of depolarization on
AChR gating kinetics (Jadey et al. 2011) the eL9 mutants
were expressed with a distant background mutation in
the M3 helix (¢V283W) (Cadugan & Auerbach, 2007).
As described below, the rate and equilibrium constant
estimates for the ¢L9 mutations were corrected for the
combined effects of depolarization and the oV283W
mutation.

For rate constant analysis, clusters of individual channel
activity were selected by eye. After filtering digitally
(12kHz), current clusters were idealized into noise-free
intervals by using the segmental k-means algorithm
(Qin, 2004) with a C(losed)<>O(pen) model. The gating
rate constants were estimated from the idealized inter-
val durations by using a maximume-interval likelihood
algorithm (Qin et al. 1997) after imposing a dead time
correction of 50 us. In some patches the rate constants
were estimated by using a simple C<>O model (because
the log likelihood of the fit did not increase upon the
addition of more C or O), while in others a second C state
was connected to the O state to accommodate a relatively
rare and short-lived non-conducting state associated with
desensitization (Salamone et al. 1999; Elenes & Auerbach,
2002).

® was estimated as the slope of the rate equilibrium
(R-E) relationship, which is a plot of log f, wvs.
log diliganded equilibrium constant (E, = f,/b,). For
residues that showed both an increase and a decrease
in E, upon mutation, the rate constants for AChRs
activated by choline or by ACh were combined into
the same R-E plot after normalizing both f, and
E, by the corresponding wild-type (wt) values. In
the R-E plots the wt values used for normalization
were 120s™! and 0.046 for choline (Mitra et al.
2005) and 48,000~ and 28.2 for ACh (Chakrapani &
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Auerbach, 2005). The change in relative end-state energy
(kcal mol™") caused by a mutation was calculated as:
AG=-0.59 x In(E,™"™"/E,""). For each residue, a ‘range
energy’ was calculated as 0.59 x In(E,m®imum/f,minimun)
for all tested mutations at that position (Jha et al. 2009).

The Ky for acetylcholine was estimated only for
aE175W. Open and shut interval durations were measured
at three different ACh concentrations (30, 50 and 100 uMm).
The two agonist binding sites were assumed to be
equivalent and independent (Salamone et al. 1999; Jha
& Auerbach, 2010), and the interval durations at all
three concentrations were fitted together by using a
C<+AC<A,C<A,0 kinetic model (A is the agonist; dead
timewas 75 us). Three rate constants were free parameters:
single-site association (k;, scaled by [A]), single-site
dissociation (k_) and b, (f, was fixed to the value obtained
at 5 x Ky agonist concentration) (Kgq = k_/k).

Sequence and structure

The location of L9 in the Torpedo AChR (Unwin, 2005) is
shown in Fig. 1. In the &y subunit of the mouse AChR the
C-terminal residues of L9 are (N-to-C) FMESGEW. The
GEW sub-sequence is conserved in all mouse AChR sub-
units except 8; (GQW) and o (SEW). The L9 residues
we studied are dark grey (green online) in the figure
and were positions 173—-177 in the o subunit (SGEWV)
and 181-184 in the & subunit (ENGE). We measured the
coupling energy between different combinations of L9
residues and the white residues in Fig. 1B (Supplemental
Table 2S).

Results
Point mutations of L9 in the « subunit

Example agonist-activated currents from AChRs having a
side-chain substitution in L9 (both « subunits mutated)
are shown in Supplemental Fig. 1S. None of the mutations
significantly altered the single-channel current amplitude
relative to the wild-type (wt), which suggests that they did
not alter channel conductance, selectivity or block by the
agonist.

To estimate the magnitude and relative timing of the
energy changes experienced by «L9 residues in the gating
isomerization we measured the forward, channel-opening
rate constant (f,), the backward channel-closing rate
constant (b;) and the gating equilibrium constant
(E; = f2/b,) in the mutant AChRs. These values are shown
as rate—equilibrium (R-E) plots for each position in Fig. 2
(Supplemental Table 1S). Mutation of «S173 (to A, D, G,
P or K) and the Bq-strand residue «V177 (to A, D, E, E N
or Q) yielded AChRs having nearly wt gating properties.
That is, the range of gating equilibrium constants for

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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the entire mutant series was small (<1 kcal mol~!). The
fact that so many diverse side chain substitutions mini-
mally altered the diliganded gating equilibrium constant
indicates that these two positions are nearly iso-energetic
between the R and R* conformations. Most mutations at
positions G174, ®E175 and «W176 modestly decreased
E, (increased the relative stability of the closed-channel
conformation of the protein).

The slope of the R-E plot (®) quantifies the extent to
which a change in E, was caused by a change in the opening
rate constant vs. the closing rate constant on a scale from
1 (all opening; an ‘early” energy change) to 0 (all closing; a
‘late’ energy change). The ® values for «G174 and «W176
were high (0.82+£0.01 and 0.8540.09; mean =+ SD),
whereas that for «E175 was lower (0.52 4 0.06; see below).
Since @ cannot be estimated accurately when the range
in E, is very low, these calculations were not made for
positions «S173 and «V177.

Although the currents with most «L9 mutations could
be described by a simple two-state gating scheme, the F,
Y, C and Q mutations of ®E175 generated current clusters
that were heterogeneous with regard to their cluster open
probability (Fig. 3A). For these mutations no clearly pre-
dominant population of cluster could be identified. For
aE175C, we estimated f, and E, for each kinetic mode
separately (open probability 0.38, 0.68 or 0.95). The
resulting R—E plot is shown in Fig. 3B. The @ value for
the unknown structural perturbation that gives rise to the
distinct kinetic modes of «E175C was 0.62 & 0.03. The &
values for the modes of the F and Y substitutions were
0.66 and 0.71 (not shown). A change in open probability
implies a change in E, and, hence, a structural difference
that alters the relative free energy of R vs. R*. Many residues
at the E-T interface have similar ® values (Jha et al.
2007; Purohit & Auerbach, 2007b; Bruhova & Auerbach,
2010), so we speculate that the structural perturbation
that gives rise to kinetic heterogeneity is located in this
region of the protein. The heterogeneity in E, could reflect
multiple populations of AChRs that have one (or more)
E-T residues in slightly different positions, or a slow iso-
merization of an E-T side chain(s) in a homogeneous
AChR population.

The AChR is composed of two « subunits. To address
the question of whether or not the L9 mutation in each
subunit contributes equally to the total fold-change in
E, we added both mutant «E175R and wt « subunits to
the transfection cocktail. Accordingly, ‘pure’ AChRs were
expressed that had either 2 wt or 2 mutant « subunits,
along with two ‘hybrid’ populations having one wt and
one mutant «, (or «s) subunit. The results are shown
in Fig. 4. In each patch we could clearly identify clusters
arising from the wt and double-mutant populations. In
addition, we observed a single, novel population of clusters
that we attribute to the ®E175 + «E175R hybrids. In this
population the fold-change in E, was almost exactly half

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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of the fold-change of the double-mutant (compared to
the wt). The simplest interpretation is that the energetic
consequence of the wE175R mutation was equal and
independent in the two « subunits. This result is similar to
that found for several other hybrid constructs, including
aS2691 (Mitra et al. 2005), «P265K (Bafna et al. 2008)
and «C418W (Mitra et al. 2004). In addition, the «E175R
hybrid and double-mutant constructs had similar ® values
(Fig. 4B). These results suggest that the magnitude and
relative timing of the gating energy changes at position
«aE175 are similar in the two « subunits.

To test if there is an energetic connection between
L9 and the transmitter binding sites we measured the
ACh binding rate and equilibrium constants for one «L.9
mutant construct, «E175W (Supplemental Fig. 2S). From
the single-site association (k;) and dissociation (k_) rate
constants to the resting conformation, we calculated the
equilibrium dissociation constant (K4 = k_/k,). In this
mutant, k,, k. and Ky were all similar to wt values
(Chakrapani et al. 2004).

1 aS173 1]aG174
D
0 as o (dﬁdw
G
1 .14
-2 -2 D =082
2 -1 0 1 2 2 -1 0 1 2
1 JaE175 1 ]aW176
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-2 1 d=0.52-21 ®=0.85
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Figure 2. Rate-equilibrium (R-E) plots for mutations of loop 9
in the o subunit

f, is the forward, channel-opening rate constant (s=') and E; is the
diliganded gating equilibrium constant. Values have been
normalized by the wt value (filled circles). In each panel, the x-axis
range reflects the mutational sensitivity of the position with regard
to E. Only positions 174, 175 and 176 show significant changes in
gating upon mutation.
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Point mutations of L9 in the ¢ subunit

We also quantified the effects on gating of C-terminal
L9 point mutations in the & subunit. ¢L9 lies along
the critically important o—e interface, whereas «L9
projects into the less energetically sensitive f—« (or e—o)
inter-subunit interface.

The R-E plots for ¢L9 mutants are shown in
Fig.5. In contrast to «l9 mutations, which mostly
decreased E,, ¢L9 mutations either decreased or
increased E,. Interestingly, the ranges of E, values were
larger in ¢L9 (0.78-3.3 kcalmol™') compared to aL9
(0.39-2.2 kcal mol™!) even though there are two « sub-
units and only one ¢ subunit. The & amino acid showing
the largest range energy was ¢E184 (3.3 kcal mol ™). This
value, on a per residue basis, is about three times larger
than that for the homologous «E175 position.
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The @ values for all of the €L9 residues were high
(0.86 £0.09), and on average, modestly higher than for
L9 residues (0.73 £ 0.18; Table 1). In contrast to «E175,
the @ value for ¢E184 was about the same as for its
neighbours.

None of the £L.9 mutations generated the heterogeneous
gating behaviour apparent in some L9 mutants.

Interaction energies (‘coupling’)

We sought to measure the extents to which L9 mutations
interact energetically in the gating process with other
nearby amino acids. We probed the degree of such
coupling between wE175 and other « subunit residues
at the E-T interface, and between ¢F184, ¢G183 and
eN182 in combination with « subunit residues at the P-C

1
r N L
L ‘ L

aE175Q aE175Y
AR 'S LU G U L
1 1 .

; UL e

B

4| CELTEC
w401
[+T4}
o

3.5

®=0.62
05 00 05 10 15
log E,

Figure 3. Some mutations of «E175 give rise to currents showing heterogeneous kinetic properties

A, example currents from «E175 mutant AChRs exhibiting heterogeneous kinetics. Three populations of current
clusters are apparent in «E175C. B, R—E analysis of the «E175C populations shows that both the forward and
backward gating rate constants change between populations. The spontaneous structural perturbation(s) that

generates the heterogeneity has a ® value of 0.62.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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A aEl75R wt Table 1. ® and range energy values for loop 9
- -
I Residue ® (£ SD) Range energy (kcal mol~")
! =
R R aS173 — 0.9
hyb
" I l ! aG174 0.82 £ 0.10 2.2
«E175 0.52 + 0.06 2.1
— aW176 0.85 + 0.09 1.2
- 1 =
B V177 — 0.4
wi ¢E181 0.89 £0.10 2.5
« 0 E | | eN182 0.78 £ 0.09 2.1
3 R £G183 0.97 £ 0.08 1.3
= mmw cE184 0.80 + 0.06 33
2 R " W
S R Hyb B - . @ is the slope of the rate—equilibrium plot (Figs 2 and 5). Range
gn_l W |5pA energy is the energy difference between the largest and smallest
= 0.1s E; values for that residue. The range energies for «S173 and

2 1 0 1
log normalized E,

Figure 4. The «E175R mutation has equivalent effects in each
« subunit

AChRs were expressed having 0 (wt), 1 (Rpyp) or 2 (R) mutated «
subunits. A, low time resolution view of current clusters. B, left, R—E
analysis of cluster populations. Right, example currents at higher
resolution. Only a single hybrid population was apparent, with a
fold-change in E; (relative to the wt) that was half of that for the
double-mutant.

interface (Figs 1 Band 6; see Supplemental material, Fig. 5S
and Table 2S).

The first E-T interfacial residue we probed in
combination with «E175 was loop2 residue «oE45
(Fig. 1B). This important amino acid experiences
a very large energy change, early (®=0.80) in

17 €E181 ) eN182
W
0 E. 1 /OD
R of N
2 ®=0.89 _ ®=078
1 0 1 2 "1 0 1 2 3
-~ 5] £6183 11¢E184
E Y 0
5 Y /op
£ ]
5 of ¢ w
® ®=0.97 -21 ®=0.80
T 1 0 1 2 3 3 2 1 0 1

log normalized E,

Figure 5. Rate-equilibrium (R-E) plots for mutations of loop 9
in the ¢ subunit

f, is the forward gating rate constant (s=') and £; is the diliganded
gating equilibrium constant. Values have been normalized by the wt
value (filled circles). In each panel, the x-axis range reflects the
sensitivity of the position with regard to £,. All positions show
significant changes in gating upon mutation.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society

aV177 were too small to allow an estimation of ®.

the channel-opening process (Lee & Sine, 2005;
Purohit & Auerbach, 2007a). For the double-mutant
a(E175R + E45A), the observed fold-change in E, was
only ~6.4-fold greater than the value predicted assuming
energy independence, which corresponds to a modest
coupling energy for this mutant pair of —1.1 kcal mol~".
The next residue we examined in combination with
aE175 was «R209, which is in the pre-M1 linker that
joins the extracellular domain (ECD) to the trans-
membrane domain (TMD) (Fig. 1B). Mutations of this
residue can affect gating and also reduce the expression
of functional channels (Lee & Sine, 2005; Purohit &

+olE45A
+atR209H
+oL210F
+oP211A
[ 1+PK46E
1 +aY277D

+oE45Y
+aV46l
+aV132A
+aS269|
+aP272A
+ol274F

+aP265G
+aS268L

+aP272G
+al274F

40 1

Coupling energy (kcal/mol)

=)

aE175R

[
]}
cE184Q

eG183Y

€G183! |

TT I

eN182D {

Figure 6. Loop 9 residue coupling energies

The interaction (‘coupling’) energy between mutations was
estimated by comparing the fold-changes in E, caused by single vs.
mutation pairs (see Fig. 1B). At the o E-T interface the strongest
interaction was between «E175R and «E45A, but there was not
coupling with «R209H. At the a—e P-C interface the strongest
interaction was between ¢E184Q and «l274F (in the M2-M3 linker).
At the B—a P-C interface, BK46E and «E175R interact.
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Auerbach, 2007a). The «(E175R + R209H) combination
behaved as if the two residues were energetically
independent (coupling energy, +0.05kcal mol™'). We
tested four other «E175 + «R209 combinations (R + E,
R+K, F+Q, H+K, G+Q), but no single-channel
currents were observed for any of these constructs
(3-10 patches mutant™!, 20 min patch™!). We conclude
that these constructs either fail to express AChRs or express
AChRs that fail to function in a manner consistent with the
time resolution of the patch clamp. Interestingly, ®R209K
and Q mutations alone allow the expression of functional
AChRs but fail to do so with the «E175 mutant back-
ground. This suggests that there are interactions between
these two positions, but with regard to receptor assembly
and expression rather than gating.

We also made coupling energy estimates for «E175 and
three other « subunit E-T interfacial residues («L210,
oP211 and «Y277). We chose «L.210 and «Y277 because
these have low @ values (~0.3; Cadugan & Auerbach,
2007; Purohit & Auerbach, 2007a), and, hence, might
be responsible for the anomalously low @ value for
«E175. There was a modest degree of coupling energy
for the «(E175R/K+Y277D) and «(E175R + L210F)
combinations (~+40.9 kcal mol™!). However, the ® value
for the «E175R and K mutants was similar on the wt vs.
the «Y277D background (Supplemental Fig. 3S). Similar
absolute degrees of coupling energy were observed for
the constructs o(E175R 4 L210F) (4-0.9 kcal mol™!) and
a(E175R + P211S) (-0.7 kcal mol™!). We also tested for
aL9 coupling across the a—f subunit interface. A modest
coupling energy (+1.0 kcal mol™') was apparent for the
aE175R + BKA46E (in loop 2) combination.

Some of these double-mutant constructs gave rise
to clusters with heterogeneous kinetic properties.
Example currents from the o(E175R + E45L) and some
a(E175 4 1L210) combinations are shown in Supplemental
Fig. 4S. Distinct from the single-mutant «E175 constructs,
in these combinations there was no clear separation of
clusters into modes. In each patch there was a broad range
of cluster kinetic properties, where the open probability
within a cluster could span nearly the entire range, 0-1.
Therefore, we were unable to estimate either the coupling
energies for these mutant combinations or & values for
the unknown perturbation(s) that generated the different
cluster kinetics.

We next measured coupling energies between eL9
residues 182-184 and several nearby residues in the
« subunit (Fig. 1B). This region is located along the
a—e P—C interface and experiences large gating energy
changes when subject to mutation. The structure of
GluCl, apparently in the open conformation, shows that
L9 from a complementary subunit is near the M2-M3
linker from a primary subunit (Hibbs & Gouaux, 2011),
so we included in our experiments residues from the
aM2-M3 linker. In contrast to some «L9 mutations, none
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of the ¢L9 mutations (either alone or in combination)
generated heterogeneous gating behaviour. The inter-
action energy was small for most of the combinations
(Fig. 6; Supplemental Table 2S). Only two combinations
showed an interaction energy > 1.4 kcal mol™! (a ~10-fold
deviation from independence), eE184Q + «wI274F (in the
M2-M3 linker) and eG183I + aP265G (in the M2 ‘cap’).

Discussion

Mutations of the amino acids at the C-terminus of L9
had modest-but-measurable effects on the diliganded
AChR gating equilibrium constant. The changes in E,
caused by L9 mutations in the & subunit were larger than
in the o subunit. Considering all mutations, the range
energy (kcal mol™") was 5.3 kcal mol™! for ¢L9 but only
2.9 kcal mol™! for @L9. Assuming that for all mutants the
gating energy changes were divided equally between the
two o subunits (Fig. 4), eL9 was more than three times
more sensitive to mutation than oL9.

A change in E, caused by a mutation indicates that the
side chain substitution changed the free energy difference
between the R and R* end states compared to the wt.
This suggests that the mutated amino acid (and, possibly,
water) sustains a motion, strain or change in dynamics
during the gating isomerization. The results regarding the
effects of L9 mutations on E, are thus consistent with
previous reports showing that this region moves during
the gating isomerization. Our results further suggest that
the energetic consequence of this motion is greater in
¢ compared to «. The basis for the greater sensitivity
of ¢L9 is not known, but it may be relevant that its
C-terminus is adjacent to the a—¢ subunit interface and
thus near a pathway for conformational change that may
link the transmitter binding site with gate. Overall, the
energetic effects of mutations at the C-terminus of L9
were modest compared to those in other regions of the
protein (Cadugan & Auerbach, 2010).

We observed no effect of the «E175W mutation on ACh
binding. This is not surprising given the distance between
the C-terminus of L9 and the a—¢ transmitter binding
site. A mutation of an ¢L9 amino acid (¢N182Y) has been
shown to influence agonist binding as well as gating (Sine
et al. 2002). Thus, there may be energetic interactions
between ¢L9 and the binding site that are transmitted
along the a—e P—C interface.

® values provide information on the relative timing
of the energy changes that occur within R<>R* gating
(Auerbach, 2007). One interpretation of @ is that it
reflects a perturbation in the energy of a microwell that
is part of the gating transition state ensemble (Auerbach,
2005). Recently a brief, non-conducting state (‘flip’) has
been detected that may be a signal from sojourns in one
(or more) of such microwells, possibly associated with a
configuration in which the binding site has undergone its

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society



J Physiol 590.1

low-to-high affinity transformation but the pore is still
non-conducting (Lape et al. 2008). The rate constants,
equilibrium constants and @ values we measured for
loop 9 residues pertain to the overall R<>R* isomerization
and incorporate sojourns in this and other intermediate
states of gating.

With one exception, ® values for L9 residues in both
the « and ¢ subunits were similar and high, ~0.85. This
suggests that the energy (structure) of the C-terminus of
L9 is mostly ‘open-like’ at the gating transition state, and,
hence, that the motion of L9 occurs relatively early in
the channel-opening process. Other amino acids at the
ECD-TMD and inter-subunit interfaces have somewhat
lower ® values, ~0.7 (Jha et al. 2007; Purohit & Auerbach,
2007a). Perhaps the fact that the N-terminus of L9
approaches a transmitter binding site, a region where many
residues have @ values ~1, is related to the high ® values
of L9, overall.

The exceptional, low-® position was «oE175. We
considered the possibility that this residue might
experience multiple energy perturbations in the opening
process, one at the onset (in synch with its high-®
neighbours) and again, later in the reaction, by virtue
of energy coupling with some nearby, low-® residue(s).
However, we found that the ® value for the «E175R
perturbation was the same when secondary mutations
were made at two such low-® positions, «1.210 and « Y277
(both of which have ® ~0.3). There may be other nearby
(and uncharted) low-® neighbours, so our speculation
has not been disproved. However, the anomalously low
® value of residue «E175 remains unexplained. There are
other examples of residues having ® values that are distinct
from their neighbours (Bafna et al. 2008; Jha et al. 2009).
Without a clear theory for ®, these observations remain
unexplained.

We tested for interactions between «E175 and other
residues at the o subunit E-T interface. For six different
mutant combinations the average absolute value of the
coupling energy was ~0.9 kcal mol™!, which represents
only a ~5-fold deviation of the value of E, expected
given independent energy changes at the two positions.
Although this amount of interaction energy is small
(compared to, for example, the ~6 kcal mol™! coupling
between 0A96C and «Y127C; Cadugan & Auerbach,
2010), it is easily measured and may be significant with
regard to the assembly and physiology of AChRs. It appears
that E175 is part of a broad network of electrostatic inter-
actions that prevails at the E-T interface that serves, in part,
to maintain the stability of the receptor assembly. With
regard to the a—¢ P—C interface, we found even smaller
degrees of energy coupling with ¢E184Q and five different
«-subunit amino acids. However, two ¢L9 combinations
(between the «M2-M3 linker and «M?2 ‘cap’) produced
somewhat larger coupling energies. Coupling energies
depend on the specific side chains, so the estimates of
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interaction energy are likely to increase as more mutant
combinations are probed. Also, adjacent side chains may
show very different interaction energies, so it is still
possible that stronger energetic interactions exist between
€L9 and residues in the « subunit.

aE175 (but not ¢€E184) mutations could result in
the expression of AChR showing heterogeneous gating
kinetics. We noticed this behaviour both with some single
mutations (in both « subunits; F, C, Y and Q) and
especially for paired mutations with residues at the « sub-
unit E-T interface. We attribute the kinetic heterogeneity
to non-local conformational differences caused by these
«L9 mutations that, based on their ® values, are located
in the o subunit E-T interfacial region. For example,
mutations of AChR M2-M3 linker amino acids change
E, substantially and with approximately the same ® value
as the source of the perturbation that changes cluster open
probability (Jha et al. 2007). We speculate that a network of
interacting residues at the E-T interface serves not only to
regulate channel gating but also the stability of this inter-
face and, more generally, the assembly and expression of
AChRs.
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